As part of a population survey and a follow-up study of plasma lipid profiles by high temperature gas-liquid chromatography, we have determined the quantities and relative proportions of all major chemical classes and molecular species of llpids of plasma from 1200 subjects at Visit 2 of the Toronto-McMaster Lipid Research Clinic Prevalence Study. We have compared these values between our 24 subjects with ischemic vascular disease and 73 control subjects matched for age, sex, and plasma total cholesterol and triacylglycerols. The phosphatidylcholine/free cholesterol ratio showed the highest association with ischemic vascular disease of any of over 10 other lipid parameters and all the common risk indicators except high density lipoprotein cholesterol. The phosphatidylcholine/free cholesterol ratio had a reiatlve risk ratio of 20/4 (95% confidence limits, 15/9,23/1) and high density llpoproteln cholesterol, a risk ratio of 23/1 (95% confidence limits, 24/0,19/5) for ischemic vascular disease. The average ratio of phosphatidylcholine/free cholesterol for the ischemic vascular disease group was 1.36 and for the controls 1.51, the population average being 1.50. Plasma high density lipoproteln cholesterol had a significant correlation (R = 0.15) with the phosphatidytcholine/ffee cholesterol ratio in the total population sample. The Increased risk for ischemic vascular disease from a tower phosphatidylchollne/free cholesterol ratio may possibly be explained on the basis of decreased fluidity and stability of the lipoproteins due to a relative oversaturatfon with free cholesterol. (Arteriosclerosis 2: 296-302, July/August 1982)
teins {VLDL) are positively associated with increased risk, while high density lipoprotein (HDL) is associated with reduced risk and possible protection against the disease. 4 " 6 Due to the many factors that affect biood lipid levels, individual variations in response to environmental conditions, and the fact that they have continuous unimodal frequency distributions in the population, it is impossible to define clearly the normal and abnormal ranges for plasma lipid and lipoprotein fractions. Their ideal concentrations, therefore, remain undecided but in general it is considered that the lower the level of total LDL and VLDL cholesterol and the higher the level of HDL cholesterol the less the risk of premature IVD. 7B However, the metabolic or biochemical and physiochemicai basis for their role in atherogenesis remains unclear.
As part of a population survey and a foilow-up study of plasma profiles by high temperature gasliquid chromatography, we have compared the quantities and relative proportions of all major lipid classes and molecular species, and their ratios at Visit 2 of the Toronto-McMaster Lipid Research Clinic Prevalence Study. 9 We have demonstrated that a low plasma phosphatidylcholine/free cholesterol ratio has a highly significant correlation with human ischemic vascular disease, which suggests a physicochemical basis for the role of plasma lipoproteins in atherogenesis.
Methods

Subjects
The plasma samples were obtained from subjects at Visit 2 of the Toronto-McMaster Lipid Research Clinic Prevalence Study. 9 The selection and sampling of the population for Visits 1 and 2 have been described elsewhere in detail. 910 In brief, the target population was workers and their spouses and children from four companies in the Toronto-Hamilton area. Of the 7200 adults screened at Visit 1, 1781 were reexamined at Visit 2. They were selected either as part of a 15% random sample (1067 subjects), or as a group having elevated plasma cholesterol and/or triacylglycerol levels at Visit 1 (714 hyperlipoproteinemic subjects). Age-and sex-specific cut-off points defining elevation were set that ensured a return of approximately 10% of those seen at Visit 1. This latter group consisted of 550 adult males and 164 adult females and provided two-thirds of the cases with IVD. The prevalence of IVD was determined by clinical history and examination at Visit 2 in 1972-1976 and the incidence of IVD was determined during the annual follow-up from 1977-1980. Fatal and nonfatal IVD endpoints were classified by a panel of physicians and cardiologists and only those meeting strict criteria for coronary, cerebral, or peripheral vascular disease were considered.
For each endpoint case, up to four controls without IVD from the 1781 subjects at Visit 2 were matched for age, sex (including hormone levels in females), and plasma total cholesterol and triacylglycerols. For this purpose the IVD-free population was divided into 300 subgroups based on sex, hormone usage, total plasma cholesterol, and triacylglycerols. The primary division was into groups of males, females not taking hormones, and females taking hormones. These groups were subdivided into quintiles of the age and cholesterol distributions within each group, and quartiles of the triacylglycerol distribution. The controls for each case were then chosen from the same subgroup into which the case fell. As a result, the median absolute percentage difference between each control and the corresponding case was 7.5% for age, 5.9% for cholesterol, and 9.6% for triacylglycerols. The mean values were found not to be significantly different. Plasma lipid profiles were determined on 1200 subjects selected randomly from the total Visit 2 population of 1781 subjects.
Methods of Analysis
Results were analyzed separately for prevalence and incidence cases, and for definite and suspect IVD, and for coronary and other IVD. Because the same tendencies were observed in these separate analyses, and because of relatively small numbers, the groups of IVD cases were combined for comparison with the controls.
The blood specimens were processed and lipids were analyzed according to procedures specified in the Lipid Research Clinic's Laboratory Manual. 11 The total plasma cholesterol and triacylglycerols, and the total cholesterol of VLDL, LDL, and HDL were determined by previously described methods. 9 The plasma total lipid profiles were determined as described by Kuksis et al. 12 In this routine, aliquots of plasma were digested with phospholipase C, which converts the choline-containing phospholipids into the corresponding monoacylglycerols, diacylglycerols, and ceramides leaving the neutral lipid esters intact. A total lipid extract of the digestion mixture was then prepared in the presence of an internal standard, tridecanoylglycerol, and a dry residue of it was treated with trimethysilylating reagents and then resolved by high temperature gas-liquid chromatography according to molecular weight or carbon number to yield quantitative lipid profiles from which the concentrations of free cholesterol (FC), sphingomyelin (SPH), phosphatidylcholine (PC) and esterified cholesterol (EC) and their ratios (PC/FC, SPH/FC, SPH/ PC, FC/EC) were calculated using appropriate calibration factors. Comparative studies on the accuracy and precision of the technique and the Technicon Auto Analyzer routine have given comparable estimates for total cholesterol and total triacylglycerols, 12 while comparative studies of the estimates of plasma PC and SPH by gas chromatography and by manual phosphorus analyses have also given good agreement. 13 Figure 1 illustrates the general nature of the gas chromatographic profiles from which the PC/FC ratios and other plasma lipid parameters were obtained. The numbered peaks represent free fatty acids (Peaks 16 and 18), free cholesterol (Peak 27), tridecanoylglycerol internal standard (Peak 30), ceramides (Peaks 34 and 42), diacylglycerols (Peaks 36-40), cholesteryl esters (Peaks 43-^47), and triacylglycerols (Peaks 48-56). The upper print in figure  1 represents a chromatogram obtained for a plasma sample from a subject with IVD, while the two lower prints represent repeat analyses of a matched control plasma sample. The overall appearance of the patterns is similar but the calculated PC/FC ratio for the control subject is 1.66 and that for the ischemic subject is 1.297. The Visit 2 population consisted of 1781 subjects of whom 1067 had been selected randomly from the total Visit 1 target population of 7200 adult workers and 714 had been chosen because of high plasma total cholesterol and triacylglycerol values. The average and range of plasma total cholesterol and total triacylglycerol were 210 (87-398) and 177 (12-1840) mg%, respectively, for males and 211 (86-411) and 115 (30-1085) mg%, respectively, for females. PC = phosphatidylcholine; FC = free cholesterol; SPH = sphingomyelin; EC = esterified cholesterol. Table 1 gives the mean values of the molar ratios for selected plasma lipid classes by age and sex for the Visit 2 population. The bulk of the samples for the decades 30-39 and 40-49 are provided by males, while the samples from other decades are distributed more evenly between the sexes. The average PC/ FC ratio for the males was 1.46 and for the females 1.55. The females possessed a higher PC/FC ratio than the males for each decade, except those past 50, when both sexes had similar ratios. There were only minor differences in the values for the SPH/PC and FC/EC ratios between the male and female subjects and among the different decades. The average SPH/PC and FC/EC ratios for the two sexes were 0.13 and 0.40 respectively. The above ratios of the total plasma lipid classes for these subjects are similar to those recorded earlier for a free-living urban population using automated gas chromatographic methods 14 as well as to those obtained for a smaller number of normolipemic subjects using conventional techniques of analysis. 15 Table 2 gives the results of statistical comparisons of the differences in the lipid variables for the IVD and the control groups. The IVD group included subjects with variable total cholesterol and total triacylglycerol levels ranging from 137 to 306 mg% and 102 to 915 Each subject is ranked above or below the median specific for their sex and decade in the entire Visit 2 population. IVD = ischemic vascular disease; DCHD = definite coronary heart disease; SCHD = suspect coronary heart disease; OIVD = other ischemic vascular disease; PC = phosphatidylcholine; FC = free cholesterol; SPH = sphingomyelin; HDL-C = high density lipoprotein cholesterol.
Results
Matched Controls are described in text. All lipid class ratios as moles/moles; other lipid estimates as mg/dl. PC = phosphatidylcholine; FC = tree cholesterol; SPH = sphingomyelin; CE = esterified cholesterol; HDL-C = high density lipoprotein cholesterol; IVD = ischemic vascular disease.
Matched controls are explained in text. mg% respectively. The control group consisted of up to four subjects for each IVD case matched for age, sex, and total plasma cholesterol and triacylglycerol levels. It is seen that the ratio of PC/FC is significantly lower in the subjects with IVD, as is the concentration of HDL-cholesterol when compared to the matched control group. The IVD group also has marginally lower plasma PC content and a higher SPH/ PC ratio than the control group. All the other variables within the total lipid profile (see figure 1 ) did not differ significantly between the two groups of subjects. Table 3 gives the frequency of subjects above and below the median for their sex and decade determined in the entire Visit 2 population sample. It is seen for the PC/FC ratio that 20 of the 24 subjects with various categories of IVD were below the median, while only 23 of the 73 controls matched for age, sex, and plasma total cholesterol and triacylglycerol levels were below the median. For the FC/EC (not shown in table 3) and the SPH/PC ratios there were essentially equivalent distributions of subjects above and below the population median. Of the other lipid indices tested in this way, only the HDL-cholesterol level showed an asymmetric distribution comparable to that for PC/FC ratio, with 29 out of 32 IVD subjects falling below the population median. However, in their matched controls 60 out of 100 also fell below the population median. The HDL-cholesterol levels showed a significant Spearman correlation coefficient, 0.15, p < .0001, with the PC/FC ratio. Ex-pressed in terms of a relative risk, 18 the values in table 3 were (20/4) = 5 and (29/3) = 10, respectively, for the decreased PC/FC ratio and the decreased HDL-cholesterol content. Therefore, for subjects of specified age, sex, and plasma total cholesterol and triacylglycerol levels who fell below the median value of PC/FC ratio, the risk of IVD was estimated to be five times as high as for those above the median. This was a better indication of risk than that found for any of over 10 other parameters in the total plasma lipid profiles and for the common risk indicators (unpublished data of the Toronto-McMaster Lipid Research Clinic) except HDL-cholesterol. However, the odds ratio (with respect to the control group) as an estimate of the relative risk for ischemic vascular disease with low values of PC/FC ratio was 20(50)/ 4(23) = 10.9, while that for ischemic vascular disease with low values of HDL-cholesterol was only 29(40)/3(60) = 6.4. Table 4 gives the proportion of IVD subjects and of control subjects above and below the 50th percentiles for the combination of PC/FC ratio and HDL-cholesterol. Of the 24 IVD subjects, 19 were characterized by a low PC/FC ratio plus a low level of HDL-cholesterol, while none was characterized by a high PC/FC ratio plus a high level of HDL-cholesterol. This contrasted with the matched control group, which had a minority of subjects in the low PC/FC ratio plus low HDL-cholesterol category. The corresponding odds ratio after combining the middle three rows in table 4 was 19(59)75(14) = 16.
Discussion
In view of the significant association of a low PC/ FC ratio with IVD, it is pertinent to explore the possible biochemical significance of the observation in relation to its known physicochemical and metabolic effects in lipoprotein and in cell membrane systems. It is well established that changes in the ratio of PC/ FC affect the intrinsic viscosity and molecular rotation of lipids within cell membranes, and that the ratio may function as a regulator of cell behavior. 17 Sterols increase the efficiency of packing of certain pure diacylglycerophospholipids in artificial membranes 18 as well as enhance the degree of order within membrane lipids 19 and have been considered an important factor in regulating the membrane fluidity. 20 ' 21 A widely accepted model of cholesterol interaction with diacylglycerophospholipids is that of Engelman and Rothman, 22 where each cholesterol molecule is disordered about its long axis and completely surrounded by acyl chains. If the hydrocarbon acyl chains are shared between two cholesterol monomers, a molar ratio of two phosphatidylcholines per one molecule of free cholesterol is obtained. This is a commonly observed PC/FC ratio in many biological membranes 23 and it corresponds to the total plasma PC/FC ratio in many healthy subjects. 14 However, other biological systems are known to contain higher proportions of free cholesterol, 17 and Lecuyer and Dervichian 24 have shown that stable systems may be obtained in vitro for PC/FC ratios approximating one. Martin and Yeagle 25 have proposed a model for such a system, which consists of nine acyl chains surrounding a cholesterol dimer, where the chains are shared between two cholesterol dimers. For the controls examined in the present study the PC/FC ratio for total plasma lipoproteins averaged 1.50, while the subjects with IVD gave values averaging 1.36. In a few instances, however, the PC/FC ratio did approach one, and we have previously reported ratios lower than one for total plasma lipids of a small proportion of the population. 14 Since the LDL and HDL of normolipemic subjects 28 have PC/FC ratios of 1.38 and 3.85, respectively, the plasma of ischemic vascular disease subjects would appear to contain essentially pure LDL. Since HDL levels, however, had not decreased more than 20% below those of control subjects in the present study, it is obvious that the decrease in the PC/FC ratio must have resulted from an increase in the relative free cholesterol content of one or more of the plasma lipoproteins. The general question of phospholipid and cholesterol levels and membrane function has been considered in a very large number of reports, and Papahadjopoulos, 27 Jackson and Gotto, 28 and Cooper and ShattiP have emphasized the potential deleterious effects of excess cholesterol in plasma lipoproteins and cell membranes and its possible relationship to the development of atherosclerosis lesions.
Membrane and lipoprotein fluidity is known to be influenced also by the SPH/PC ratio as well as by the proportion of unsaturated fatty acids in the PC. 30 Although the amount of SPH relative to PC increases in the aortic media with aging and atherosclerosis, 28 it was not possible to demonstrate a credible increase in this ratio in the IVD subjects examined in this study. The present work also did not show any significant change in the degree of unsaturation of the acyl chains of PC in association with IVD.
The change in the PC/FC ratio apparently is not due to an excess of FC in the plasma because the FC/EC ratio has remained more or less constant, averaging about 0.40. This finding is in accord with the studies of Saier et al. 31 who also failed to find any elevation in plasma FC content of subjects with cardiac disease, although subjects with neoplasms and liver disease did show an increased FC/EC ratio. Previous workers 32 have noted a substantial decrease in the fractional rate of esterification by lecithin-cholesterol acyltransferase (LCAT) as the FC and EC increase in patients, with the greatest effect seen in subjects with homozygous Type II hyperlipoprotelnemia. 33 The possible involvement of decreased LCAT activity in atheroma formation has also been raised, 34 but lack of clear interpretation of the enzyme measurements and the technical difficulties involved in carrying out the assays have so far prevented the general utilization of the data in clinical diagnosis. In comparison to the control group matched for age, sex, total plasma cholesterol, and triacylglycerols, the IVD subjects examined in the present study appeared to have been deficient in PC (see table 2 for a nearly statistically significant reduction in this relatively small number of subjects). Little is known regarding the control of plasma PC levels. Aside from LCAT, the plasma PCs are degraded also by lipoprotein lipase and/or associated phospholipases. 35 On the other hand, plasma PC levels in humans are slightly increased by dietary supplementation with PC 36 and there is an increase in the plasma PC/FC ratio.
On the basis of the present results and the evidence in the literature, it is suggested that the relative decrease in the PC/FC ratio in the subjects with IVD represents a pathological oversaturation of the vascular system with FC in relation to PC regardless of the total cholesterol level of the plasma. The development of IVD could then be a result of alterations in membrane fluidity with attendant changes in enzymic activities and metabolite permeability leading to possible subsequent atheroma formation. In this connection it may be pointed out that the ratio of serum glycerophospholipids/free cholesterol has been recently suggested as a possible parameter of asymmetric fluidity of lipoproteins in disease by Casu, 37 while Small and Shipley 38 have discussed the relationship of phospholipids to free cholesterol and cholesteryl esters as possibly important in atherogenesis. Furthermore, early work had emphasized the protective effect against atherosclerosis of the high phospholipid levels in primary biliary cirrhosis 39 as well as of the protective effect of the high phospholipid levels associated with femaleness and estrogens. 40 However, prior to the present study there have been no previous comparisons of these particular lipid ratios in subjects with IVD and in matched controls. In the next several years as the Follow-up Study continues and the number of IVD cases in-creases we will be able to further examine the importance of the plasma PC/FC ratio as a risk factor for atherosclerosis.
